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Short wavelength radiation in the vacuum ultraviolet (VUV) and extreme ultraviolet (XUV or EUV) spectral regions has sufficient photon energy to induce photochemical reactions in almost all organic molecules, which consist of hydrogen, carbon, and oxygen [1, 2] . A compact short wavelength light source is useful to provide surface interaction between photons and materials. VUV and XUV radiation are thus applied in promising technologies, such as EUV semiconductor lithography (EUVL) [3] [4] [5] [6] [7] , material processing, photochemistry, and biological imaging. A photo-induced desorption spectrometer [8] employing a compact, efficient XUV source has been proposed for surface morphology applications, as operation at these wavelengths has the advantage of not damaging the surface during irradiation [9] . The photoinduced desorption spectrometer consists of a light source in the XUV spectral region, a mechanical stage for selection of the material surface to be irradiated, and a mass spectrometer coupled to the vacuum chamber. For surface analysis, a low kinetic energy of the particles, which originate from the irradiated test material surface, is required for the mass spectrometer. The photons emitted from the light source, on the other hand, must have an energy higher than the binding energy. These requirements, therefore, must be traded off. To reduce the kinetic energy and to induce a photochemical reaction, wavelengths of around 40−50 nm, which correspond to photon energies of 25−31 eV, are required for the light source.
A 40-nm XUV source based on potassium vapor was produced in a capillary with a 500-µm diameter at an electron temperature of about 12 eV and a discharge current of about 200 A [10] . In the present paper, the spectrum of the discharge-produced plasma is compared with that of a laser-produced plasma, because the polytetrafluoroethylene (PTFE) used in the capillary-based discharge plasma, combined with the oxide film on the potassium target surface produces oxygen, hydrogen and carbon line emission, together with the potassium 3 emission. To isolate the pure potassium emission from the compact, discharge-produced plasma XUV source, we used a laser-produced potassium plasma, which has very similar characteristics to the discharge-produced plasma [10] . The use of a laser-produced plasma enables one to control the plasma parameters by changing the laser intensity and wavelength, as the electron temperature and the critical density depend on the laser intensity and wavelength, respectively. As a comparison with a laser-produced pure potassium plasma and a numerical analysis are essential for understanding the behavior of the hollow cathode discharge-produced plasma XUV source, we characterized the emission spectra from the laser-produced pure potassium plasma at a time-averaged electron temperature of 12 eV and an electron density of 1 × 10 20 cm − 3 . In addition, we used the collisional-radiative equilibrium (CRE) model for plasma processes [11] [12] [13] and the multi-configuration Hartree-Fock atomic structure code of Cowan [14] to analyze the results.
In this paper, we characterize a laser-produced pure potassium plasma to optimize spectral and temporal behavior of the XUV emission. Potassium ions produce strong broadband emission around 40 nm at a time-averaged electron temperature of approximately 12 eV. The temporal behavior of this emission was measured and numerically analyzed.
Calculations were performed for transitions between the configurations 3s 2 3p n and to be optically thin for EUV radiation [11] . A range of ion stages is present in a plasma at any given electron temperature, where higher temperatures produce higher ion stages. The 3s−3p, 3p−3d, and 3d−4f transitions in the ions K 2+ and K 4+ dominate the spectrum around 40 nm for electron temperatures of 5.5 and 11 eV, respectively. In this work, we focus on the wavelength region 39−40 nm, where emission is predicted to be maximized at an electron temperature of 12 eV. A Q-switched Nd:YAG (Nd:yttrium-aluminum-garnet) laser operating at 1064 nm with a maximum pulse energy of 2 J and a duration of 10 ns (FWHM) was focused, using a 12-cm focal length lens, onto a planar potassium target of thickness 1 mm inside a vacuum chamber.
The focused spot size was monitored by use of a telescope and a charge coupled device (CCD) camera placed on the laser axis. The spot size was measured to be 500 µm (FWHM).
This spot size was chosen to minimize the plasma hydrodynamic expansion loss [15] .
Adjusting the pulse energy at the fixed spot diameter of 500 µm varied the laser intensity. The emission from the plasma in the XUV spectral region was analyzed with a normal incidence vacuum spectrograph using an iridium coated grating of 1200 lines/mm (Acton VM502), and was viewed at 45° with respect to the incident laser axis. Time-integrated spectra were obtained by a thermoelectrically-cooled back-illuminated x-ray CCD camera. The typical spectral resolution was better than 0.2 nm. In addition, a higher resolution spectrometer (a 2-m grazing incidence design with a 300-groove/mm platinum coated grating) with wavelength resolution better than 0.02 nm was also positioned at 90° with respect to the incident laser axis. The temporal behavior of the 39-nm XUV emission was measured by a fast photomultiplier tube connected to a sampling digital photon counter, which was coupled to the first spectrometer. In the present case, we set the laser intensity at 2 × 10 10 W/cm 2 to produce a time-averaged electron temperature of 12 eV. The temporally and spatially integrated electron temperature, which has been evaluated by use of the intensity ratios of the line emissions of oxygen ions in the time-integrated XUV spectra, increased with increasing laser intensity (not shown). This laser intensity dependence of the electron temperature was also reproduced by the hydrodynamic simulation. 
The dots represent the raw, experimentally measured data and the solid line (blue) is a smoothing of the experimental result. The dashed line (red) is the calculated temporal waveform of the 39-nm emission. (b) Numerical calculation of the temporal change of the ionic population based on a time-dependent CRE model.
The wavelength-integrated energy between 25 and 60 nm was previously maximized in a discharge-produced plasma [10] . The dominant 39-nm emission is shown both spatially and temporally to be generated when the electron temperature is close to 15 eV. The highest ion stages attained initially are K 5+ to K 7+ ; thereafter the plasma recombines to lower ionization states, and starts emitting the 36−42 nm band in this recombining phase (see Fig. 3(b) ). To explore self-absorption effects in the K plasma, we also observed spectra at different laser wavelengths to evaluate the effects of self-absorption, because different color irradiation produces plasmas with different densities [4, 6, 7, [15] [16] [17] [18] . The spectra were seen to be almost identical at laser wavelengths of 1064 and 532 nm at the same laser intensity of 2 × 10 10 W/cm 2 , as shown in Fig. 4 . At first sight, this result indicates that the potassium plasma may be only weakly self-absorbing. However, to explore self-absorption effects further, an atomic level numerical calculation was also used. We obtained theoretical spectra of potassium plasma emission at an electron temperature of 12 eV, as shown in Figs. 5(a) and 5(b); the first spectrum is due to the emission only while the second includes opacity effects.
The differences between these spectra are due to absorption broadening around 39 nm, which is also included in the numerically calculated transmission coefficient for an effective ionic plasma thickness of 5 µm in Fig. 5(c) . As a result, the 39-nm emission is seen to originate from strong resonant line emission and this emission is also strongly self-absorbed. In summary, we have shown the emission spectra of a K plasma and its temporal behavior around 40 nm. Potassium ions produced strong broadband emission around 40 nm ranging from K 2+ to K 4+ ions at a time-integrated electron temperature of about 12 eV.
Emission at 39 nm commences during the recombining phase. In the near future, it is planned to optimize a compact, hollow cathode discharge-produced potassium XUV source, coupled with a Sc/Si multilayer mirror for use in a photo-induced desorption spectrometer. 
